A b s t r a c t Kalman f i l t e r methodology has been applied to inp i l e l i q u i d -m e t a l f a s t b r e e d e r r e a c t o r s i m u l a t i o n exp e r i m e n t s t o o b t a i n e s t i m a t e s o f t h e f u e l -c l a d t h e r m a l gap conductance. A transient lumped parameter model of the experiment i s developed.
A b s t r a c t Kalman f i l t e r methodology has been applied to inp i l e l i q u i d -m e t a l f a s t b r e e d e r r e a c t o r s i m u l a t i o n exp e r i m e n t s t o o b t a i n e s t i m a t e s o f t h e f u e l -c l a d t h e r m a l gap conductance. A transient lumped parameter model of the experiment i s developed.
An o p t i m a l e s t i m a t e o f t h e s t a t e v e c t o r c h o s e n t o c h a r a c t e r i z e t h e e x p e r i m e n t i s o b t a i n e d t h r o u g h t h e u s e o f t h e
Kalman f i l t e r . From t h i s e s t i m a t e , t h e f u e l -c l a d t h e r m a l gap conductance i s c a l c u l a t e d as a f u n c t i o n o f t i m e i n t o t h e t e s t a n d a x i a l p o s i t i o n a l o n g t h e l e n g t h o f t h e f u e l p i n .
I n t r o d u c t i o n A d e q u a t e c h a r a c t e r i z a t i o n o f o f f -n o r m a l n u c l e a r r e a c t o r o p e r a t i o n i s o f o b v i o u s c o n c e r n t o t h e r e a c t o r s a f e t y a n a l y s t . C o n d i t i o n s a r i s i n g from inadequate c o o l a n t f l o w , l o s s o f p r e s s u r i z a t i o n , s p u r i o u s r e a c t i vi t y insertion, etc., can be expected
to adversely i mpact normal operation and must therefore be understood. This i s p a r t i c u l a r l y t r u e o f t h e s o -c a l l e d f a s t r e a c t o r s y s t e m s . T h e s e d i f f e r s i g n i f i c a n t l y f r o m t h e thermal reactor systems currently in use and have spec i f i c c h a r a c t e r i s t i c s u n i q u e t o t h e i r c o m p o s i t i o n . Thermal r e a c t o r s t y p i c a l l y u s e l o w e n r i c h m e n t f u e l which i s p l a c e d i n a n e a r o p t i m a l r e a c t i v i t y c o n f i g u r at i o n . Q u i t e o f t e n w a t e r i s e m p l o y e d a s a c o o l a n t . While off-normal conditions can have severe consequences i n such systems, as evidenced by the accident a t T h r e e M i l e I s l a n d , o f f -n o r m a l c o n d i t i o n s i n f a s t reactor systems can be equally devastating, sometimes w i t h e x t r e m e r a p i d i t y . F a s t r e a c t o r s use h i g h e n r i c h e d f u e l w h i c h i s n o t p l a c e d i n i t s m o s t r e a c t i v e c o n f i g u ra t i o n .
O f t e n l i q u i d sodium i s used as a c o o l a n t . S i n c e t h i s r e a c t o r t y p e i s d r i v e n by high energy neut r o n s w h i c h h a v e r e l a t i v e l y s h o r t l i f e t i m e s i n t h e r e a c t o r c o r e , t h e f a s t b r e e d e r c a n r e s p o n d q u i c k l y t o changes i n c o n d i t i o n s .
An understanding of the consequences of these varied responses i s i m p e r a t i v e .
F o r many y e a r s a c o n c e r t e d e f f o r t h a s been undert a k e n a t Argonne N a t i o n a l L a b o r a t o r y a n d o t h e r i n s t a ll a t i o n s t o i n v e s t i g a t e h y p o t h e t i c a l c o r e d i s r u p t i v e a c c i d e n t s i n f a s t b r e e d e r s y s t e m s . E x p e r i m e n t s u s i n g s m a l l s c a l e a s s e m b l i e s i n c o n j u n c t i o n w i t h c o m p u t e r code simulations have provided much i n s i g h t i n t o c o r e b e h a v i o r d u r i n g a c c i d e n t s .
It has been determined that c o r e d i s r u p t i v e b e h a v i o r i s r i m a r i l y i n f l u e n c e d b y thermal effects. While non-thermal perturbations are the most common s o u r c e o f a c c i d e n t i n i t i a t i o n t h e i r i n e v i t a b l e e x p r e s s i o n i s i n t e r m s o f o f f -n o r m a l ( a n d sometimes extreme) thermal effects.
To understand and p r e d i c t t h e i r m a g n i t u d e and consequences a b a s i c knowl e d g e o f p a r a m e t e r s i m p o r t a n t i n h e a t t r a n s f e r i s necessary. This knowledge i s p r i m a r i l y t o be o b t a i n e d v i a e x p e r i m e n t .
It i s t o an a n a l y s i s o f s u c h e x p e r im e n t s t h a t t h i s p a p e r i s d i r e c t e d .
Lack o f c e r t a i n t y i n t h e d e t e r m i n a t i o n o f t h e c o n d u c t a n c e o f t h e f u e l -c l a d gap i s o f t e n t h e l a r g e s t s i n g l e u n c e r t a i n t y i n p o s t -t e s t a n a l y s i s o f f u e l f a i lure experiments.
Unknown i m p u r i t i e s i n t h e gap gas, nonuniform swell 5 ng with fuel burnup, asymmetric thermal expansion, and pin bowing during transient heating a l l c o n t r i b u t e t o d i f f i c u l t i e s i n a n a l y t i c a l m o d e l i n g
[I ,21.
Lack o f an a b i l i t y t o measure fuel and clad c o n d i t i o n s d i r e c t l y r e s u l t s i n f u r t h e r u n c e r t a i n t i e s i n t h e m a g n i t u d e o f t h e gap conductance [3]. The p r e s e n t
work u t i 1 i z e s t h e m e t h o d o l o g y o f t h e l i n e a r K a l m a n f i l t e r , w h i c h h a s t h e p o t e n t i a l o f i n c o r p o r a t i n g t h e s e u n c e r t a i n t i e s i n t o a u n i f i e d a n a l y s i s scheme.
The Kalman f i l t e r [41 represents a c l a s s o f l i n e a r minimum e r r o r v a r i a n c e s e q u e n t i a l s t a t e e s t i m a t i o n a l g o r i t h m s .
B o t h d i s c r e t e t i m e and continuous time v e r s i o n s have been developed. While t h i s m e t h o d o l o g y has been applied to numerous physical systems, particul a r l y t h o s e i n v o l v i n g n a v i g a t i o n , s p a c e v e h i c l e g u i dance, and o r b i t d e t e r m i n a t i o n , i t s a p p l i c a t i o n t o nuc l e a r s y s t e m s ( a n d i n p a r t i c u l a r t o e x p e r i m e n t a n a l ys i s ) h a s b e e n l i m i t e d [5, 6] .
Methods
The t h e o r y o f d i s c r e t e o p t i m a l l i n e a r r e c u r s i v e f i l t e r s i s w e l l known and w i l l not be repeated here.
I n t h i s paper, the system being modeled i s t h a t o f a s i n g l e f u e l r o d s u r r o u n d e d b y f l o w i n g s o d i u m e n c l o s e d i n a s s o c i a t e d s t r u c t u r e .
A v a i l a b l e m e a s u r e m e n t d a t a c o n s i s t o f i n l e t and o u t l e t c o o l a n t f l o w and temperature, as we1 1 as s t r u c t u r e t e m p e r a t u r e a l o n g t h e a x i a l l e n g t h o f t h e e x t e r i o r s u r f a c e o f t h e t e s t s e c t i o n . To develop a model of the system involved, a l i n e a r i z e d , multinodal, lumped parameter system of equations i s fonnulated.
A l l m a t e r i a l p r o p e r t i e s a r e assumed temperature dependent. Coolant flow i s t a k e n t o be onedimensional , incompressible and i t s magnitude known as a f u n c t i o n o f t i m e . R e a c t o r power i s assumed t o b e known b o t h s p a t i a l l y and t e m p o r a l l y . C r o s s -f l o w e ff e c t s i n t h e c o o l a n t a r e n e g l e c t e d a s i s i n t e r n a l r esistance. With these assumptions a general energy b a l a n c e c a n b e e s t a b l i s h e d f o r a r e p r e s e n t a t i v e a x i a l node : * 
+ H.
n e n t = 1 ) ( i = H e r e , s u b s c r i p t j r e f e r s t o t h e p a r t i c u l a r compo-( o r m a t e r i a l ) u n d e r c o n s i d e r a t i o n w h e t h e r f u e l ( j , c l a d d i n g ( j = 2 ) , c o o l a n t ( j = 3 ) , o r s t r u c t u r e 4 ) .
T h e r e f o r e , Eq.
( 1 ) i s a general representat i o n f o r t h e s y s t e m o f f o u r e n e r g y e q u a t i o n s d e s c r i b i n g t h e node as a whole. The l e f t s i d e o f t h e e q u a t i o n d e s c r i b e s t h e e n e r g y s t o r a g e i n m a t e r i a l j as a funct i o n o f t i m e .
The f i r s t term on t h e r i g h t s
( 1 ) i s a volumetric energy production term.
It i s nonzero only i n f u e l and b l a n k e t m a t e r i a l s . and These t h r e e e q u a t i o n s t o g e t h e r with t h e i r a s s o c ia t e d i n i t i a l a n d b o u n d a r y c o n d i t i o n s , c h a r a c t e r i z e t r a n s i e n t b e h a v i o r o f t h e s y s t e m . 
r i t h m p r o v i d e d t h e t r a ns i t i o n and d e t e r m i n i s t i c i n p u t m a t r i c e s a s w e l l as t h e model were e s t i m a t e d v i a a method descrlbed by Ulenbeck d e t e r m i n i s t i c
v a r i a b l e s ; u n c e r t a i n t i e s . i n t h e s y s t e m and O r n s t e i n 171. To r e f o r m u l a t e Eq.
(1) i n t o t h e form where A t i s t h e t i m e s t e p e m p l o y e d ; a n d
w h e r e t h e s u b s c r i p t s r e f e r t o node boundaries, and AZ i s t h e node l e n g t h .
D i s c r e t i z a t i o n o f Eq. (1) accordi n g t o Eqs. ( 5 ) and ( 6 ) produced a form from which the t r a n s i t i o n and d e t e r m i n i s t i c i n p u t m a t r i c e s c o u l d be obtained.
The t r a n s i t i o n m a t r i x e l e m e n t s were v a r i o u s c o m b i n a t i o n s o f m a t e r i a l s p r o p e r t i e s , g e o m e t r i c c o n d it i o n s , and time step.
The e l e m e n t s o f t h e d e t e r m i n i st i c i n p u t m a t r i x p r i m a r i l y i n v o l v e d c o o l a n t f l o w a n d f u e l e n e r g y g e n e r a t i o n . U n c e r t a i n t i e s i n t h e model were estimated by assuming that each element of the s t a t e v e c t o r was comprised of a d e t e r m i n i s t i c p l u s a random component.
U t i l i z i n g Eqs. (1) through (6) o r t h e i r e q u i v a l e n t s t h e v a r i a n c e o f t h e f i r s t f o u r compon e n t s c o u l d b e c a l c u l a t e d u s i n g t h e m e t h o d s o f Uhlenbeck and Ornstein [7]. I n t h e i r m e t h o d t h e v a r iance i n s t a t e v a r i a b l e s i s d e t e r m i n e d v i a a double integration procedure. Assuming no cross covariance b e t w e e n t h e v a r i a b l e s a n d t h a t t h e t i m e c o r r e l a t i o n f o r each i s a sharp function, i t can be shown t h a t t h e d e s i r e d v a r i a n c e s may be expressed as f u n c t i o n s o f t h e thermal time constants derivable from Eq. ( 1 ) . Asympt o t i c v a l u e s o f t e m p e r a t u r e v a r i a n c e s may be o b t a l n e d from a 4 x 4 m a t r i x e q u a t i o n whose c o e f f i c i e n t m a t r i x depends s o l e l y upon these thermal time constants and which i s d r i v e n by variances
i n r e a c t o r power and c o o la n t f l o w .
The asymptotic values so derived are modif i e d b y a time dependent function whose r a t e o f i ncrease i s dependent upon each material's thermal time c o n s t a n t .
V a r i a n c e i n t h e f u e l -c l a d h e a t t r a n s f e r was determined by a knowledge o f v a r i a n c e s i n t h e f u e l a n d c l a d t e m p e r a t u r e s .
Two t y p e s o f a c c i d e n t s i m u l a t i o n e x p e r i m e n t s were
analyzed --a h y p o t h e t i c a l 1 oss o f c o o l a n t l e a d i n g t o f u e l m e l t i n g and slumping causing a r a p i d r i s e i n f u e l power (L5 and L7 experiments); and a l a r g e and small r e a c t i v i t y i n d u c e d t r a n s i e n t o v e r p o w e r a c c i d e n t ( E 7 a n d
H5 experiments). Mixed
Pu-U o x i d e f u e l p i n s u s e d i n t h e s e e x p e r i m e n t s w e r e p r o t o t y p i c o f LMFBR design comp o s i t i o n and geometry but were 1/3 t h e d e s i g n l e n g t h . T h r e e t e s t p i n s i n p r o t o t y p i c l a t t i c e g e o m e t r y were used i n t h e L experiments; seven i n t h e E and H e x p e r iments. The assembly o f t e s t f u e l p i n s w i t h i n s t r u m e nt a t i o n was p l a c e d i n a r e c i r c u l a t i n g s o d i u m l o o p a n d i r r a d i a t e d i n t h e TREAT r e a c t o r . R e a c t o r o p e r a t i o n was pre-programmed t o p r o v i d e a d e s i r e d f u e l power h i s t o r y t h a t was e q u i v a l e n t t o t h e a c c i d e n t c o n d i t i o n s b e i n g simulated. Sodium f l o w i n t h e t e s t l o o p f o r a l l e x p e r i m e n t s was h e l d c o n s t a n t d u r i n g t h e f i r s t 3 seconds o f s t e a d y s t a t e r e a c t o r o p e r a t i o n t o e s t a b l i s h t h e d e s i r e d f u e l and c o o l a n t t e m p e r a t u r e d i s t r i b u t i o n s .
L o s s -o f -f l o w c o n d i t i o n s w e r e e s t a b l i s h e d b y c o m p u t e r c o n t r o l o f t h e sodium pump on t h e l o o p . Power h i s t o r i e s i n t h e t e s t f u e l w e r e e s t a b l i s h e d b y c o m p u t e r c o n t r o l o f t h e TREAT r e a c t o r .
I n s t r u m e n t a t i o n i n c l u d e d t h e r m o c o u p l e s a t s e v e r a l a x i a l l o c a t i o n s on t h e e x t e r i o r o f t h e t e s t f u e l h o l d e r wall sodium pressure and tern-perature measurements a t t h e t o p a n d b o t t o m o f t e s t I n and t h e c o o l a n t f l o w r a t e i n t o and o u t o f t h e t e s ? f f o w c h a n n e l .
Loop data and the TREAT power history were recorded on analog tape t h a t was later digitized i n 1 ms time intervals for the present analysis.
Lengths of data tracks used to determine the measurement noise covariance were selected t o ensure weak stationarity of the data track.
I t was found t h a t 0.5-s time tracks provided the required weak stationarity. To begin the calculations w i t h the Kalman f i l t e r , the gain was set t o zero and an i n i t i a l estimate was chosen for the gap conductance based upon a representative analytical calculation 121.
W i t h i n the context of the model and the available measurements, implementation of the Kalman f i l t e r provided optimal estimates of the five state variables. From these estimates an estimate of gap conductance axially and as a function of time could be made.
Knowledge of the fuel and cladding temperature together w i t h the heat flux between the two provided the effective gap conductance.
This, i n turn, depended upon thermal resistances i n the fuel and cladding as we1 1 as the actual conductance between the fuel and the clad-
Once these former effects were corrected for t h i s l a t t e r parameter could be determined: ductance during such operations. A significant axial variation i s noted. This variation i s produced by the effects of the axial power generation w i t h i n the fuel. Axial power generation increased from the base of the fuel rod roughly t o the midplane of the fuel and decreased thereafter.
A similar behavior i s noted for the gap conductance. Since i t i s t o be expected that gap conductance should be invesely proportional t o the gap between the fuel and cladding (which i s minimum a t the axial location of maximum power generation) the observed behavior confirms expectation. Figure 2 presents the transient behavior of the gap conductance a t the base, the axial midplane, and the top of the fuel rod i n the same experiment. As can be seen an initial rapid increase i n gap conductivity i s followed by a gradual approach to equilibrium. This i s due to the approach t o steady state thermal conditions in the system as a whole. Decreases in the fuelcladding gap are significantly greater during the i n itial heat up phase t h a n l a t e r . As a consequence, regardless of axial location a value characteristic of steady s t a t e ( a t the given conditions of power and flow) eventually is achieved. Axial dependence of the gap conductance a t 10 s into the L-7 quasisteady s t a t e t e s t a s determined by the Kalman f i l t e r methodology. Time dependence of the gap conductance i n the L-7 quasi-steady state t e s t a t t h e top ( 8 3 cm) , bottom (5 cm), and midheight ( 4 3 cm) of the t e s t fuel p i n .
In this quasi-equilibrium example the gap between the fuel and clad never closed. As a consequence the gap conductance would be expected t o be inversely dependent upon this gap (and i t was). Indeed a particu-1 arly simple model may be used t o explain observed behavior in t h i s realm: thermal gap conductance i s an average gap thermal conductivity divided by the sum of an average jump distance plus the fuel-cl ad gap. the former two parameters, average thermal conductivity and jump distance, are dependent upon a variety of factors associ ted w i t h conditions i n the fuel-clad gap. the helium-fission gas composition of the gas i n the gap, the presence and amount of solid fission products i n the gap, and even geometry asymmetries all can be important i n influencing average thermal conductivity and jump distance. As many of these factors are temperature ( a n d hence time) dependent the value of these quantities must be expected t o vary both temporally and spatially. Such is readily inferred from Figs. 1 and 2.
More generally, however, fast reactor accident sequences result i n gap closure. Under these circumstances the simple gap conductance model discussed
